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GRAPHICAL  ABSTRACT 


•  A  two-step  approach  is  demonstrated 
to  fabricate  a  porous,  ultrathin  PANI- 
RGO  electrode. 

•  The  thickness  can  be  self-controlled 
by  pH  adjustment. 

•  The  well-designed  PANI-RGO  elec¬ 
trodes  exhibit  excellent  photovoltatic 
performances. 

•  The  incorporation  of  RGO  raises  the 
transparency  of  PANI  and  photo 
harvest. 

•  A  universal  approach  is  well- 
designed  to  fabricate  PANI-RGO- 
based  conductive  thin  films. 
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A  powerful  synthesis  strategy  is  proposed  for  fabricating  porous  polyaniline-reduced  graphene  oxide  (PANI- 
RGO)  composites  with  transparency  up  to  80%  and  thickness  from  300  to  1000  nm  for  the  counter  electrode 
(CE)  of  bifacial  dye-sensitizing  solar  cells  (DSSCs).  The  first  step  is  to  combine  the  in-situ  positive  charge 
transformation  of  graphene  oxide  (GO)  through  aniline  (ANI)  pre polymerization  and  the  electrostatic 
adsorption  of  ANI  oligomer-GO  to  effectively  control  the  thickness  of  ultrathin  PANI-GO  films  by  adjusting  pH 
of  the  polymerization  media.  In  the  second  step,  PANI-GO  films  are  reduced  with  hydroiodic  acid  to  simul¬ 
taneously  enhance  the  apparent  redox  activity  for  the  I3  /l~  couple  and  their  electronic  conductivity.  Incor¬ 
porating  the  RGO  increases  the  transparency  of  PANI  and  facilitates  the  light-harvesting  from  the  rear  side.  A 
DSSC  assembled  with  such  a  transparent  PANI-RGO  CE  exhibits  an  excellent  efficiency  of  7.84%,  comparable  to 
8.19%  for  a  semi-transparent  Pt-based  DSSC.  The  high  light-harvesting  ability  of  PANI-RGO  enhances  the 
efficiency  retention  between  rear-  and  front-illumination  modes  to  76.7%,  compared  with  69.1%  for  a  PANI- 
based  DSSC.  The  higher  retention  reduces  the  power-to-weight  ratio  and  the  total  cost  of  bifacial  DSSCs, 
which  is  also  promising  in  other  applications,  such  as  windows,  power  generators,  and  panel  screens. 
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1.  Introduction 

Bifacial  dye-sensitising  solar  cells  (DSSCs)  have  recently  attrac¬ 
ted  the  attention  of  several  research  groups  [1-5]  because  of  a 
higher  light-harvesting  efficiency  regarding  the  ability  of  both-side 
incident  illumination  absorption.  This  property  substantially  re¬ 
duces  the  cost  of  energy  generation  and  the  limitation  of  the  inci¬ 
dent  angle  and  direction  of  DSSCs.  Moreover,  the  transparent 
property  renders  the  bifacial  DSSCs  a  highly  promising  device  for 
building-integrated  photovoltaic  systems  and  portable  power 
generators  in  which  the  bifacial  DSSCs  must  combine  with  trans¬ 
parent  substrates,  such  as  building  windows,  lampshades,  portable 
device  displays,  and  panel  screens  [1—5].  Accordingly,  the  design 
and  fabrication  of  a  transparent  counter  electrode  (CE)  with  a  high 
ability  for  reducing  I3  to  P  to  complete  the  cycle  of  electron 
transport  is  highly  demanded. 

Platinum  is  a  common  active  component  of  the  CE  in  DSSCs 
because  of  its  excellent  redox  activity  for  the  I3/I-  couple.  Thus, 
transparent  thin-layer  Pt  CEs  have  been  fabricated  through  sput¬ 
tering  or  thermal  deposition  [3,6].  However,  the  high  cost,  the  high 
energy-consuming  process,  and  the  high  reflectance  of  thin  Pt  films 
restrict  the  realisation  of  a  bifacial  DSSC  module  [7  .  Accordingly, 
numerous  functional  materials,  including  carbon-based  nano¬ 
materials  and  conducting  polymers,  have  been  proposed  to  replace 
Pt  as  alternative  materials  of  CEs  in  DSSCs.  Carbon-based  nano¬ 
materials,  such  as  carbon  black  [8],  activated  carbon  [9,10  ,  graphite 
[10-12],  carbon  nanotubes  [13,14  ,  graphene  [15-17],  and  carbon 
nanotube-graphene  composites  [18,19],  have  been  well  studied. 
However,  the  catalytic  activity  of  carbons  for  reducing  I3  to  P 
primarily  derives  from  defects  and  oxygen-containing  functional 
groups  that  block  the  electron  transport  on  the  graphene  plane. 
Consequently,  a  certain  thickness  is  required  to  achieve  favourable 
electronic  conductivity  and  acceptable  catalytic  activity.  In  other 
words,  the  photovoltaic  performance  of  bifacial  DSSCs  with  a 
carbon-based  CE  is  generally  lower  than  that  of  a  device  with  a  Pt 
CE  [16,17].  However,  conductive  polymers  such  as  poly(3,4- 
ethylene-dioxythiophene)  [20],  polyaniline  (PANI)  [3,21-25],  pol¬ 
ypyrrole  (PPy)  [26],  and  poly(3,3-diethyl-3,4-dihydro-2Hthieno- 
[3,4-b]  [1,4]  dioxepine)  (PProDOT-ET2)  [27],  have  also  been 
employed  as  CEs  in  DSSCs.  Amongst  these  conducting  polymers, 
PANI  is  particularly  suitable  for  the  CE  of  bifacial  DSSCs  because  of 
its  environmental  stability,  simple  and  environmentally  friendly 
processing  [28],  and  complementary  light  absorption  to  N719  and 
N3  dyes,  which  maximise  the  use  of  rear  illumination  for  DSSCs  [3]. 

Recently,  composites  of  PANI  and  carbon  nanomaterials  have 
attracted  considerable  attention  because  the  introduction  of 
nanocarbons  effectively  enhances  the  catalytic  activity  of  PANI, 
resulting  in  the  superior  performance  of  DSSCs  [29-32].  Drop¬ 
casting  and  Spin-coating  is  an  easy  way  to  fabricate  transparent 
PANI/nanocarbon  CE  but  this  method  only  can  be  conducted  in 
fabricating  small  devices,  lacking  practicability.  To  prevent  the 
catalytic  film  from  peeling  off  the  substrate,  several  investigations 
involving  electro-  polymerisation  to  simultaneously  deposit  PANI 
and  nanocarbons  onto  the  substrate  have  been  conducted  [30-32]. 
However,  no  literature  proposes  an  effective  approach  to  fabri¬ 
cating  a  transparent  PANI/nanocarbon  CE,  possibly  due  to  that 
electropolymerisation  generally  produces  a  compact  layer  that 
depresses  the  penetration  of  electrolytes.  As  a  result,  the  optimal 
performance  was  obtained  at  several  micrometres  of  composites 
[22].  Chemical  deposition  using  electrostatic  adsorption  to  combine 
PANI  and  RGO  or  carbon  nanotubes  with  a  layer-by-layer  structure 
has  also  been  proposed  while  the  low  transparency,  caused  by  the 
high  content  of  nanocarbons,  restricts  the  use  of  this  method  with 
bifacial  DSSCs  [33,34].  An  interfacial  polymerization  has  been 
proposed  and  successfully  fabricated  a  transparent  PANI/ 


nanocarbon  film  [35].  However,  this  method  requires  the  use  of 
organic  solvent  and  rigorous  parameter  control  for  modulating 
thickness  of  films.  Moreover,  the  thin  film  easily  peels  off  from  the 
substrate  because  of  weak  interaction  between  film  and  substrate. 
These  reasons  restrict  the  practicability  of  this  method  to  prepare  a 
transparent  PANI/nanocarbon  CE.  Accordingly,  preparing  a  trans¬ 
parent  PANI/nanocarbon  CE  for  bifacial  DSSCs  with  excellent  per¬ 
formances  is  a  big  challenge. 

This  study  presents  a  simple,  two-step  approach  to  fabricating 
transparent  thin  films  consisting  of  PANI  and  RGO  using  1 )  an  in- 
situ  positive  charge  transformation  of  GO  through  aniline  pre¬ 
polymerisation  onto  GO  (denoted  as  ANI-O/GO)  and  electrostatic 
adsorption  of  positively  charged  ANI-O/GO  onto  fluorine-doped  tin 
oxide  (FTO),  and  2)  chemical  reduction  of  PANI/GO  films  with 
hydroiodic  acid  (Scheme  1 ).  In  this  approach,  PANI  not  only  acts  as  a 
spacer  to  prevent  the  restacking  of  RGO  during  the  reduction  pro¬ 
cess  but  also  reverses  the  net  negative  charge  to  a  positive  charge 
around  the  surface  of  the  GO  during  the  pre-polymerisation  (i.e., 
the  ANI-O/GO  formation  step).  The  latter  effect  supplies  an  elec¬ 
trostatic  driving  force  for  ANI-O/GO  particles  to  adsorb  onto  the 
negatively  charged  FTO  surface  (similar  to  self-assembly).  More¬ 
over,  the  thickness  of  the  PANI-GO  films  can  be  self-controlled  by 
adjusting  the  pH  value  of  the  precursor  solution  from  this  unique 
deposition  mechanism.  Here,  the  extensive  oxygen  groups  on  the 
well-dispersed  GO  in  the  aniline  precursor  solution  to  work  as 
nucleation  sites  of  the  PANI  propagation,  leading  to  clear 
enhancement  in  the  electrolyte-accessible  area  and  larger  short- 
circuit  current  density  C/sc).  Furthermore,  hydroiodic  acid  was 
used  to  prevent  possible  exfoliation  of  films  caused  by  gas  evolution 
when  other  strong  reducing  agents,  such  as  sodium  borohydride  or 
hydrazine,  were  adopted.  The  RGO  constructs  great  conductive 
paths  within  PANI,  leading  to  faster  electron  transfer  and  larger  fill 
factor  (FF).  Thus,  the  well-designed  polyaniline-reduced  graphene 
oxide  (PANI-RGO)  electrodes  retained  a  fairly  high  transparency 
(despite  contain  RGO)  and  exhibited  an  excellent  photovoltaic 
performance.  Such  an  outstanding  performance  has  not  been 
achieved  before  because  of  the  lack  of  effective  transparency 
retention  of  the  PANI/nanocarbon  electrodes  [30-32,36]. 

In  this  study,  the  microstructure  and  electrocatalytic  activity  of 
PANI-RGO  and  polyaniline-graphene  oxide  (PANI-GO)  with  various 
deposition  times  are  examined  systematically  to  propose  the 
unique  deposition  mechanism  of  this  novel  synthesis  approach.  In 
addition,  transparent  bifacial  DSSCs  were  successfully  fabricated 
and  characterised.  The  incorporation  of  RGO  raised  the  trans¬ 
parency  of  CEs  and  enhanced  the  rear-illumination  performance  of 
DSSCs.  Moreover,  this  transparent  PANI-RGO  electrode  with 
excellent  electrochemical  activities  is  promising  for  other  electro¬ 
chemical  systems,  such  as  photo-electro-chromic  devices  [37], 
supercapacitors  [38  ,  and  sensors  [39],  responding  to  the  gradually 
increasing  demand  for  transparent  devices. 

2.  Experiment 

2.1.  Preparation  of  graphene  oxide  (GO) 

Graphene  oxide  was  prepared  from  raw  graphite  powders  by  a 
modified  Hummers’  method  according  to  our  previous  study  [40]. 
In  a  typical  process,  0.25  g  graphite,  0.125  g  NaN03,  12  ml  H2S04 
(98%),  and  0.75  g  KMn04  were  added  into  a  flask  with  continuous 
stirring  for  about  15  min  in  an  ice  bath.  Then,  this  solution  was 
ultrasonically  aged  in  an  ice  bath  for  3  h  (Delta,  40  kHz  and  200  W). 
Subsequently,  12  ml  deionized  (DI)  water  was  added  slowly  into  the 
above  solution  which  was  continuously  stirred  for  12  h.  Finally, 
hydrogen  peroxide  was  added  to  react  with  the  residual  perman¬ 
ganate  and  manganese  dioxide.  Rinsing  with  DI  water, 
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Scheme  1.  The  route  for  fabricating  transparent  PANI-RGO  composite  electrodes.  Step  1:  aniline  pre-polymerization  on  GO  and  charge  transformation  of  GO.  Step  2:  electrostatic 
adsorption  of  ANI-O/GO  and  following  polymerization  of  aniline.  The  final  step  employs  the  hydroiodic  acid  reduction  to  obtain  PANI-RGO  films. 


centrifugation,  and  filtration  were  adopted  to  remove  the  remain¬ 
ing  salt  impurities. 

2.2.  Preparation  of  PANI,  PANI-GO  and  PANI-RGO  electrode 

PANI  and  PANI-GO  electrodes  were  prepared  according  to  the 
rapid  mixing  method.  For  the  PANI-GO  electrode,  two  solutions  (A 
and  B)  were  prepared  independently.  Solution  A  was  a  10-ml  HC1 
solution  containing  0.5  M  aniline  with  different  amounts  of  GO  (0.5, 
1, 1.5,  and  2  wt%).  Solution  B  was  another  10-ml  HC1  solution  con¬ 
taining  0.12  M  potassium  persulfate  (KPS).  pH  of  both  solutions  was 
adjusted  to  be  2.5  in  order  to  obtain  PANI-GO  with  good  conduc¬ 
tivity  [41  ]  and  the  negatively  charged  surface  of  FTO  [42].  Solution  B 
was  added  quickly  to  solution  A,  followed  with  2  min  ultra- 
sonication  at  4  °C  for  pre-polymerization.  After  the  2-min  pre- 
polymerization  for  forming  aniline  oligomers  onto  GO  (ANI-O/ 
GO),  a  piece  of  well-cleaned  FTO  glass  (TEC-7,  Hartford  Glass  Co., 
USA)  was  immersed  in  the  mixture  and  the  vial  was  kept  at  4  °C  for 
15  min,  1  h,  and  24  h,  which  were  labelled  as  PANI-GO-15  m,  PANI- 
GO- 1  h,  PANI-GO-24  h,  respectively.  Finally,  the  PANI-GO  electrodes 
were  rinsed  with  DI  water,  and  then  the  PANI-GO  layer  on  the 
nonconductive  side  was  removed.  The  PANI  electrode  was  prepared 
through  a  similar  procedure  for  preparing  PANI-GO  while  the  only 
difference  was  the  absence  of  GO  in  solution  A.  To  obtain  the  PANI- 
RGO  electrode,  the  PANI-GO  electrodes  were  kept  in  a  vial  con¬ 
taining  55%  hydroiodic  acid  at  90  °C  for  5  min.  Then,  the  resultant 
PANI-RGO  electrodes  were  rinsed  with  DI  water  and  labelled  as 
PANI-RGO- 15  m,  PANI-RGO-1  h,  PANI-RGO-24  h  derived  from  PANI- 


GO-15  m,  PANI-GO-1  h,  PANI-GO-24  h,  respectively.  All  electrodes 
were  stored  in  a  vacuum  reservoir  and  re-doped  in  1  M  HC1  for  4  h 
before  all  electrochemical  examinations. 

2.3.  Assemble  DSSCs 

For  the  preparation  of  DSSC  photoanodes,  the  FTO  glass  plates 
were  immersed  into  a  40  mM  aqueous  TiCL*  solution  at  70  °C  for 
30  min  and  washed  with  water  and  ethanol.  Ti02  paste  (Eversolar® 
P-200,  Everlight  Chemical  Co.,  Taiwan)  was  coated  onto  this  pre¬ 
treated  FTO  glass  by  the  screen  printing  method.  The  coated  elec¬ 
trodes  were  heated  in  an  air  atmosphere  at  325  °C  for  5  min,  at 
375  °C  for  5  min,  and  at  450  °C  for  15  min,  and  finally,  at  500  °C  for 
15  min.  The  thickness  and  photoactive  area  of  the  Ti02  film  were 
approximately  10  pm  and  0.16  cm2,  respectively.  Finally,  this  semi¬ 
transparent  Ti02  photoanode  was  once  again  treated  with  40  mM 
TiCU  solution,  then  rinsed  with  water  and  ethanol  and  sintered  at 
500  °C  for  30  min.  Prior  to  the  assembly  of  DSSCs,  the  electrodes 
were  soaked  at  40  °C  for  4  h  in  an  acetonitrile/t-butyl  alcohol 
(volume  ratio  =  1)  solution  containing  3  x  10-4  M  ruthenium  dye 
(N719,  Solaronix  SA,  Switzerland)  to  form  the  sensitized  photo¬ 
anode.  The  transparent  platinum  CE  with  80%  transparency  was 
obtained  by  thermal  deposition  [6]  and  PANI-based  CEs  were  pre¬ 
pared  as  described  before.  A  25-pm  Surlyn  film  (SX1170-60,  Solar¬ 
onix  SA,  Switzerland)  was  used  to  separate  the  photoanode  and  the 
counter  electrode  and  to  seal  the  cell  after  the  electrolyte  was 
added.  The  electrolyte  employed  was  a  solution  containing  0.6  M 
BMII,  0.03  M  U,  0.10  M  guanidinium  thiocyanate  and  0.5  M  4- 
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tertbutyl  pyridine  in  a  mixture  of  acetonitrile  and  valeronitrile 
(volume  ratio,  85:15). 

2.4.  Material  characterization  and  instruments 

The  zeta  potential  (?)  of  precursor  solutions  was  measured  using 
a  Malvern  Zeta  Sizer  Nano  Series  instrument,  which  was  estimated 
from  the  electrophoretic  mobility  (p)  according  to  the  Smou- 
chowsky  equation: 

j  =  W 

£ 

where  rj  is  the  solution  viscosity  and  e  is  the  dielectric  constant  of 
the  liquid.  Glancing  incident  angle  x-ray  diffraction  (GIDXRD)  was 
measured  using  a  Rigaku  TTRA  III  diffractometer  (Japan).  X-ray 
photoelectron  spectra  (XPS)  were  measured  using  a  VG  Scientific 
ESCALAB  220  iXL  spectrometer  with  an  Al  Ka  (hv  =  1486.69  eV)  X- 
ray  source.  Transmission  electron  microscopic  (TEM)  analyses  were 
conducted  on  a  Philips  Tecnai  F20  G2  electron  microscope  at 
200  kV.  Samples  for  the  TEM  examination  were  prepared  by 
dropping  the  well-dispersed  solutions  on  Cu  grids  followed  by 
solvent  evaporation  in  air  at  room  temperature.  The  surface  mor¬ 
phologies  and  cross-section  of  PANI,  PANI-RGO-15  m,  PANI-RGO- 

1  h  and  PANI-RGO-24  h  were  investigated  by  a  field  emission¬ 
scanning  electron  microscope  (FE-SEM,  Hitachi  S-4700  I,  Japan). 
The  topography  of  PANI  and  PANI-RGO-15  m  electrodes  was  iden¬ 
tified  by  an  atomic  force  microscope  (AFM,  Digital  Instrument 
D3100). 

2.5.  Electrochemical  characterization 

Cyclic  voltammetry  (CV)  was  conducted  by  an  electrochemical 
analyzer  system,  CHI  633C  (CH  Instruments,  USA).  The  CV  analysis 
was  carried  out  in  a  three-compartment  cell  at  5  mV  s-1.  An  Ag/Ag+ 
electrode  (Argenthal,  799  mV  vs.  standard  hydrogen  electrode  at 
25  °C)  was  used  as  the  reference  electrode,  and  a  platinum  wire 
with  an  exposed  area  equal  to  4  cm2  was  employed  as  the  counter 
electrode.  A  Luggin  capillary,  whose  tip  was  set  at  a  distance  of 

2  mm  from  the  surface  of  the  working  electrode,  was  used  to 
minimize  errors  due  to  the  IR  drop  in  the  electrolytes.  The  3-MPN 
electrolyte  for  the  CV,  J— V ,  and  EIS  tests  contained  50  mM  lithium 
iodide  (Lil,  Acros),  10  mM  I2,  and  500  mM  lithium  perchlorate 
(LiC104,  Acros).  Photocurrent- voltage  (J-V)  curves  were  measured 
with  a  computer-controlled  digital  source  meter  (Keithley  2400) 
under  AM  1.5,  1  sun  illumination  (YAMASHITA  DENSO  YSS-150A. 
Class  A).  The  electrochemical  impedance  spectrum  (EIS)  analyzer, 
IM6  with  Thales  software  (ZAHNER,  Germany),  was  employed  to 
measure  and  analyze  the  EIS  spectra.  The  potential  amplitude  of  ac 
was  equal  to  10  mV  meanwhile  the  frequency  range  was  from 
100  kHz  to  100  mHz.  All  reagents  not  otherwise  specified  in  this 
work  were  Merck,  GR. 

3.  Results  and  discussion 

3.1.  Charge  transformation  of  GO  through  aniline  pre¬ 
polymerisation 

In  this  study,  aniline  monomers  were  polymerised  and  expected 
to  anchor  onto  the  surface  of  graphene  oxide  (GO)  to  form  ANI-O/ 
GO  particles  in  the  precursor  mixture.  The  successful  anchoring 
of  aniline  oligomers  onto  GO  was  confirmed  by  performing  a  zeta 
potential  measurement.  Fig.  SI  shows  photographs  of  the  mixed 
solutions  containing  GO,  aniline/GO,  and  ANI-O/GO  dispersed  in 
deionised  water.  In  general,  a  solution  with  a  larger  deviation  in  the 


zeta  potential  from  0  exhibits  a  greater  dispersion  property  and  a 
smaller  particle  size.  GO  exhibited  great  dispersion  in  the  aqueous 
phase  because  of  its  high  content  of  negatively  charged  oxygen- 
functional  groups.  However,  clear  aggregation  and  precipitation 
were  observed  for  the  solution  containing  aniline  and  GO.  The 
addition  of  aniline  changed  the  zeta  potential  of  the  solution 
from  -24.5  to  +3  mV,  which  suggests  the  formation  of  micelles,  in 
which  the  N-H  group  of  aniline  monomers  interacted  with  the 
oxygen-functional  groups  to  form  hydrogen  bonding  and  exposed 
the  benzene  segment  to  the  water  molecules.  This  interaction 
hindered  the  negative  charge  around  GO  and  caused  the  zeta  po¬ 
tential  to  approach  0.  However,  the  aggregation  disappeared  after 
the  aniline  monomers  were  polymerised.  This  phenomenon  could 
reasonably  be  attributed  to  the  positive  charge  of  PANI  chains 
caused  by  proton  doping,  which  caused  the  aniline  monomers  to 
attach  to  the  negatively  charged  GO  and  increased  the  zeta  po¬ 
tential  from  +3  to  +45.5  mV.  Again,  this  highly  positive  charge 
deviation  from  0  facilitated  the  dispersion  of  the  ANI-O/GO  parti¬ 
cles  in  the  aqueous  solution.  Thus,  even  after  1  h  of  standing,  no 
precipitation  appeared  at  the  bottom  of  the  vial.  This  result  sug¬ 
gests  strong  interactions  between  the  PANI  chains  and  GO,  which 
changed  the  zeta  potential  of  the  ANI-O/GO  particles,  and  cannot 
simply  be  considered  an  intercalation  of  the  PANI  chains  between 
the  GO  layers. 

3.2.  Characterization  of  PANI,  PANI-GO  and  PANI-RGO  composite 
films 

Because  of  the  electrostatic  attraction  forces  (see  Scheme  1 ),  the 
positively  charged  ANI-O/GO  particles  spontaneously  anchored 
onto  the  negatively  charged  FTO.  Subsequently,  the  chemical 
polymerisation  of  aniline  occurred  on  the  FTO  surface  to  form  a  thin 
film  (denoted  as  PANI-GO).  Here,  GIDXRD  (Fig.  S2),  and  XPS  (Figs.  S3 
and  S4),  were  used  to  confirm  the  successful  formation  of  a  PANI- 
GO  thin  film  on  the  FTO  surface.  Fig.  S2  shows  the  GIDXRD  pat¬ 
terns  of  the  PANI,  PANI-GO,  and  PANI-RGO  films  on  FTO.  The  inset 
shows  the  diffraction  pattern  of  the  stacked  GO,  where  a  strong 
peak  appears  at  26  =  11.3°,  corresponding  to  the  (002)  facet  with 
the  layer  spacing  of  GO  equal  to  7.79  A.  For  PANI,  the  pattern 
exhibited  three  characteristic  peaks  centred  at  26  =  14.2°,  19.95°, 
and  25.15°,  corresponding  to  the  crystalline  phase  of  PANI  [43].  In 
comparison  with  PANI,  the  patterns  of  PANI-GO  and  PANI-RGO 
show  an  additional  peak  at  26  =  5°— 10°,  which  corresponds  to 
the  (002)  facet  of  GO.  The  diffraction  peak  corresponding  to  the  GO 
(002)  facet  shifted  to  a  smaller  angle  and  became  broader  than  the 
stacked  GO,  because  the  PANI  chains  that  attached  to  the  GO 
enlarged  the  distance  between  the  GO  sheets.  Therefore,  GO  can  be 
considered  to  be  dispersed  within  the  PANI  matrix.  This  effect 
disrupts  the  ordered  stacking  of  dried  GO  44].  After  the  film  was 
reduced  with  hydroiodic  acid,  the  diffraction  peak  corresponding  to 
the  (002)  facet  slightly  shifted  to  a  higher  angle,  possibly  because  of 
the  removal  of  oxygen-containing  functional  groups  and  the 
transformation  of  chain  conformation  between  the  RGO  sheets 
during  the  reduction. 

Fig.  S3  shows  the  XPS  C  1  s  core-level  spectra  of  PANI,  PANI-GO, 
and  PANI-RGO  on  the  FTO  and  GO  powders.  Fig.  S3a  shows  the 
typical  asymmetrical  characteristics  of  the  C  1  s  spectrum  for  PANI, 
which  can  be  decomposed  into  four  Gaussian-Lorentzian  peaks, 
centred  at  284.7  (C-C  or  C-H),  285.9  (C-N,  C=N),  286.6  (C-N+  or 
C — O),  and  287.9  eV  (C=0)  [45,46].  Comparing  with  Fig.  S3a  for 
PANI,  an  additional  shoulder  appears  between  286  and  290  eV  for 
the  spectrum  of  PANI-GO  (see  Fig.  S3b),  which  is  attributed  to  the 
presence  of  C=0,  C-O,  and  0-C=0  groups  on  GO  [47].  After  this 
film  was  reduced  with  hydroiodic  acid,  the  oxygen-containing 
functional  groups  were  removed  nearly  completely  and  only  a 
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few  C=0  groups  originating  from  PANI  were  visible  on  the  PANI- 
RGO  film  (Fig.  S3c).  Accordingly,  the  XPS  C  Is  spectra  of  PANI  and 
PANI-RGO  were  similar.  In  Fig.  S3d,  two  well-separated  peaks  are 
visible.  This  phenomenon  is  attributable  to  the  absence  of  the  C-N 
or  C=N  species.  Based  on  the  aforementioned  analyses  and  dis¬ 
cussion  of  the  zeta  potential,  dispersion  ability,  GIDXRD  patterns, 
and  XPS  spectra,  PANI-GO  can  be  spontaneously  deposited  onto 
FTO  through  an  electrostatic  deposition  mechanism.  In  addition, 
hydroiodic  acid  is  an  effective  agent  for  reducing  GO  within  the 
PANI-GO  film  (see  Table  1). 

Fig.  S4  shows  the  XPS  N  1  s  core-level  spectra  of  the  PANI,  PANI- 
GO,  and  PANI-RGO  thin  films  on  FTO.  According  to  the  Gaussian- 
Lorentzian  fitting,  these  N  Is  spectra  can  be  reasonably  decom¬ 
posed  into  three  constituents  for  the  quinonoid  imine  (— N=, 
398.7  eV),  benzenoid  amine  (-NH-,  399.8  eV),  and  positively 
charged  nitrogen  (N+,  401.6  eV),  which  correspond  to  the  three 
major  types  of  nitrogen  bonding  on  the  PANI  backbone  [45,46].  The 
relative  ratios  of  the  three  nitrogen  species  for  PANI,  PANI-GO,  and 
PANI-RGO  were  obtained  from  the  relative  area  below  the  con¬ 
stituent  peaks,  as  shown  in  Table  2.  PANI-GO  exhibited  a  lower  ratio 
of  quinonoid  imine  and  a  higher  amount  of  positively  charged  ni¬ 
trogen  than  PANI  did,  because  GO  doping  occurred  on  the  quinoid 
segment  of  PANI,  which  induced  the  quinonoid  imine  in  the  doped 
state  (i.e.,  the  positively  charged  nitrogen)  [46].  After  hydroiodic 
acid  reduction,  a  substantial  amount  of  quinonoid  imines  were 
reduced  to  benzenoid  amines,  but  the  positively  charged  nitrogen 
atoms  that  dominated  the  conductivity  of  PANI  did  not  decrease 
significantly.  This  result  indicates  that  GO  doping  might  restrain  the 
reduction  of  positively  charged  nitrogen  into  benzenoid  amine, 
causing  a  non-significant  decrease  of  conductivity  for  PANI  during 
the  reduction  process. 

3.3.  Effects  of  varying  the  GO/aniline  ratio 

To  investigate  effects  of  varying  the  GO/aniline  ratio  in  the 
deposition  system  developed  in  this  work,  the  PANI-RGO-15  m 
were  prepared  when  the  aniline  solutions  include  0.5,  1,  1.5,  and 
2  wt%  GO  and  the  corresponding  CV  curves  of  I3/I”  on  these  elec¬ 
trodes  were  shown  in  Fig.  S5.  Note  the  obvious  aggregation  last 
during  the  deposition  process  when  the  GO  concentration  exceeds 
2  wt%,  which  leads  GO  to  become  too  heavy  to  be  pulled  onto  FTO 
by  the  electrostatic  force.  Consequently,  the  GIDXRD  pattern  of 
PANI-RGO  shows  no  RGO  signal  when  the  GO  concentration  ex¬ 
ceeds  2  wt%.  Fig.  1  shows  the  peak  separation  and  cathodic  peak 
current  density  of  I3/I-  for  PANI  CE  and  PANI-RGO-15  m  CEs  with 
the  aniline  solutions  containing  0.5, 1, 1.5,  and  2  wt%  GO.  An  obvious 
decrease  in  the  peak  separation  and  an  increase  in  the  peak  current 
density  can  be  observed  when  aniline  solution  contains  GO, 
revealing  that  GO  incorporation  enhances  the  electrocatalytic  ac¬ 
tivity  of  PANI  for  the  I3  reduction  because  of  the  great  synergistic 
effect  between  RGO  and  PANI.  This  enhancement  becomes  stronger 
along  with  a  larger  GO  wt%  in  the  aniline  solution  while  it  main¬ 
tains  constant  when  the  GO  content  in  the  aniline  solutions  exceeds 
1  wt%.  This  phenomenon  implies  that  the  RGO  amount  incorpo¬ 
rated  into  PANI-RGO  possibly  achieves  saturation  at  1  wt%  of  GO 
and  the  excess  GO  may  be  not  pulled  onto  FTO  by  the  electrostatic 


Table  1 

The  zeta  potential  of  GO,  ANI/GO  and  ANI-O/GO 
dispersed  in  HC1  solution  at  pH  =  2.5 


Sample 

Zeta  potential 

GO 

-24.5  mV 

ANI/GO 

+3  mV 

ANI-O/GO 

+45.5  mV 

Table  2 

The  relative  ratio  of  three  nitrogen  bonding  for  PANI,  PANI-GO  and  PANI-RGO. 


Sample 

Oxidized  state, 

— N=  (398.2  eV) 

Reduced  state, 
-NH-  (398.3  eV) 

Doped  state, 

— N+—  (398.2  eV) 

PANI 

70.20% 

19.80% 

9.90% 

PANI-GO 

37.90% 

43.60% 

18.50% 

PANI-RGO 

12.90% 

70.60% 

16.60% 

force.  Thus,  the  optimal  amount  of  GO  in  aniline  solutions  is  1.0  wt% 
which  has  been  employed  for  the  following  studies. 

3.4.  Microstructures  of  PANI  and  PANI-RGO  composite  films 

Fig.  2  shows  the  SEM  images  of  PANI,  PANI-RGO-15  m,  PANI- 
RGO- 1  h,  and  PANI-RGO-24  h.  PANI  generally  exhibits  a  homoge¬ 
nous  morphology  with  numerous  cauliflower-like  particles  that  are 
aggregates  of  small  granules.  Flowever,  by  introducing  RGO,  an 
obvious  change  in  the  morphology  was  observed.  In  Fig.  2b,  the 
SEM  images  of  PANI-RGO  show  numerous  worm-like  PANI  clusters 
with  a  small  granular  morphology  appearing  around  the  RGO, 
whereas  the  region  without  RGO  retained  the  original  PANI 
morphology.  This  result  suggested  that  the  formation  of  worm-like 
clusters  was  caused  by  the  presence  of  RGO. 

More  detailed  SEM  images  of  PANI-RGO  are  presented  in  Fig.  2c. 
These  images  reveal  that  nanorod  arrays  were  vertically  aligned  on 
RGO,  and  some  rods  elongate  and  propagate  to  form  the  worm-like 
PANI  granules.  This  phenomenon  suggests  that  the  oxygen- 
containing  functional  groups  of  GO  provide  heterogeneous  nucle- 
ation  sites  during  the  pre-polymerisation  period,  resulting  in  the 
formation  of  nanorod  arrays  and  worm-like  PANI  [48].  This  worm¬ 
like  PANI  might  render  a  porous  structure  and  a  rough  surface  of 
PANI-RGO,  increasing  the  electrolyte-accessible  area.  According  to  a 
comparison  of  the  SEM  images  in  Fig.  2b,  d  and  e,  the  electrostatic 
deposition  of  ANI-O/GO  and  the  propagation  of  PANI  on  the  well- 
cleaned  FTO  enhanced  the  formation  of  worm-like  PANI  when 
the  deposition  time  was  1  h  (see  Fig.  2d),  because  the  morphology 
of  PANI-GO  was  not  significantly  changed  by  the  hydroiodic  acid 
reduction.  Moreover,  the  smooth  and  compact  surface  of  PANI- 
RGO-24  h  indicated  that  the  pores  within  the  film  were  filled 
because  of  the  over  propagation  of  PANI  (Fig.  2e). 

Fig.  3  shows  the  cross-sectional  images  of  PANI  and  various 
PANI-RGO  films  on  FTO.  PANI  granules  with  a  considerably  rough 
morphology  grew  on  the  FTO  surface.  The  PANI-RGO-15  m  film 
exhibited  a  coarser  structure  than  the  PANI  granules  did.  In  addi¬ 
tion,  the  granular  boundary  was  unclear  for  this  composite.  This 


GO  amount  in  aniline  soution(wt%) 

Fig.  1.  The  Peak  separation  and  cathodic  current  density  for  PANI  CE  and  PANI-RGO- 
15  m  CEs  with  the  aniline  solutions  including  0.5  wt%,  1  wt%,  1.5  wt%,  and  2  wt%  GO. 
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Fig.  2.  SEM  images  of  (a)  PANI,  (b,c)  PANI-RGO-15  m,  (d)  PANI-RGO-1  h,  and  (e)  PANI-RGO-24  h. 


phenomenon  was  similar  to  our  previous  study  on  using  the  T1O2I 
RGO-CNT  composite  as  photoanodes  in  DSSCs  [49].  Because  of  the 
high  density  of  oxygen-containing  functional  groups,  the  aniline 
monomer  tends  towards  heterogeneous  nucleation  on  GO  to  form 
ANI-O/GO  at  the  pre-polymerisation  step.  The  following  sponta¬ 
neous  deposition  of  positively  charged  ANI-O/GO  onto  the  nega¬ 
tively  charged  FTO  facilitated  the  propagation  of  PANI.  In  other 
words,  GO  functioned  as  the  nucleation  site  to  form  ANI-O/GO  and 
the  in-situ- generated  ANI-O/GO  functioned  as  the  scaffold  in  the 
composite  film  for  PANI  growth,  causing  the  porous,  coarse  struc¬ 
ture  and  rough  surface.  Prolonging  the  deposition  time  caused  PANI 
to  over-propagate  and  fill  the  pores  of  the  composite  film,  because 
the  film  thickness  was  not  significantly  changed  by  prolonging  the 
deposition  time  according  to  Fig.  3.  Therefore,  a  compact  film  with  a 
smooth  surface  was  observed  for  PANI-RGO-24  h  (see  Figs.  2e  and 
3d). 

The  deposition  time  and  RGO  incorporation  did  not  signifi¬ 
cantly  change  the  thickness  of  all  films  on  the  FTO  substrates, 


supported  by  the  fact  that  the  thickness  of  all  films  was 
approximately  650-730  nm.  Because  the  deposition  of  PANI-GO 
onto  FTO  strongly  depended  on  the  electrostatic  force  which  is 
proportional  to  the  quadratic  inversion  of  the  distance,  the 
positively  charged  ANI-O/GO  quickly  assembled  on  the  negatively 
charged  FTO  when  the  FTO  was  placed  into  vials.  However,  the 
accumulation  of  positively  charged  PANI  or  PANI-GO  films 
compensated  the  negative  charges  on  FTO,  and  thus  the  elec¬ 
trostatic  attraction  force  became  negligible  at  a  particular  thick¬ 
ness.  Hence,  during  the  initial  immersion  period,  the  positively 
charged  aniline  oligomers  and  ANI-O/GO  could  be  effectively 
deposited  onto  FTO  to  form  a  thin  film.  Due  to  the  charge 
compensation  effect  on  the  FTO  deposited  with  the  thin  film,  only 
aniline  monomers  could  be  continually  polymerised  onto  the 
deposited  film,  further  filling  the  pores.  Therefore,  the  major 
parameters  determining  the  film  thickness  are  concluded  to  be 
the  charge  density  of  the  negatively  charged  supports  and  the 
positively  charged  aniline  oligomers  and  ANI-O/GO,  which 
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Fig.  3.  The  cross-section  images  of  (a)  PANI  and  (b-d)  PANI-RGO  with  the  deposition  time  equal  to  (b)  15  min,  (c). 


depends  on  pH  of  the  precursor  solution.  Accordingly,  the  solu¬ 
tion  pH  was  varied  to  control  the  thickness  of  resultant  films.  This 
idea  was  substantiated  by  the  results  in  Fig.  4,  which  shows  the 
cross-sectional  images  of  the  PANI  films  on  FTO  when  the  pH 
values  of  the  precursor  solution  were  2,  2.5,  and  3  during  the  15- 
min  deposition.  A  thin  layer  (approximately  500  nm)  was 
deposited  onto  FTO  when  the  pH  value  was  2,  and  the  thickness 
was  approximately  700  pm  when  the  pH  values  were  equal  to  or 
greater  than  2.5  because  of  the  negligible  variation  in  the  zeta 
potential  between  aniline  oligomers  and  FTO  34,42].  A  thinner 
layer  can  reduce  the  diffusion  barrier  but  probably  exhibits  a 
smaller  electrolyte-accessible  surface  area.  Moreover,  the  con¬ 
ductivity  of  PANI  begins  to  decrease  at  pH  greater  than  3  50]. 
These  effects  simultaneously  determine  the  redox  performance  of 
the  PANI-RGO  films.  Consequently,  pH  =  2.5  is  the  optimal  con¬ 
dition  for  preparing  PANI-RGO  films  (see  Fig.  S6). 

Based  on  the  aforementioned  results  and  discussion,  the  film 
thickness  of  PANI  and  PANI-GO  can  be  controlled  by  varying  the 
electrostatic  forces  between  electroactive  materials  and  FTO  sub¬ 
strates  (see  Scheme  1 ),  which  can  be  tuned  by  varying  the  pH  of  the 


precursor  solution.  Furthermore,  the  porosity  of  ultrathin  PANI- 
RGO  films  can  be  controlled  by  varying  the  deposition  time.  Ac¬ 
cording  to  the  aforementioned  electrostatic  deposition  mechanism, 
the  thin,  porous,  transparent  PANI  and  PANI-RGO  films  can  be 
formed  on  any  negatively  charged  substrate  that  is  easily  obtained 
using  several  surface  modification  techniques  (e.g.,  oxygen  plasma, 
acid  treatment,  and  oxidation). 

AFM  was  used  to  confirm  the  morphology  of  the  thin  films 
grown  on  FTO.  Typical  images  of  PANI  and  PANI-RGO- 15  m  are 
shown  in  Fig.  5.  As  observed  in  Fig.  5a,  the  surface  of  PANI  is 
generally  rough  and  numerous  cauliflower-like  particles  in  a  wide 
distribution  are  visible.  A  few  large,  umbonate,  irregularly  shaped 
particles  were  identified  as  the  aggregates  of  small  granules.  After 
RGO  was  introduced,  a  considerably  rougher  surface  with 
numerous  umbos  around  the  RGO  sheets  was  visible  in  Fig.  5b.  The 
PANI  “worms”  consisted  of  numerous  small  granular  nanoparticles 
that  connected  with  one  another.  The  worm-like  morphology  with 
a  rough  surface  further  confirms  that  PANI-RGO  provides  a  larger 
electrolyte-access  area  than  does  PANI  with  a  cauliflower-like 
morphology. 


Fig.  4.  The  cross-section  images  of  PANI  CEs  deposited  at  pH  =  (a)  2,  (b)  2.5,  and  (c)  3. 1  h,  and  (d)  24  h. 
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Fig.  6a  and  b  shows  typical  TEM  images  of  GO  and  PANI-RGO- 
15  m  resolved  from  the  FTO  substrate.  The  GO  nanosheets  without 
chemical  reduction  were  observed  to  be  flat  on  the  copper  grids 
because  of  the  repulsive  forces  of  the  high-density  functional 
groups  on  GO.  Three-dimensional,  highly  porous  PANI  networks 
were  deposited  onto  the  RGO  surface,  as  observed  in  Fig.  6b,  con¬ 
firming  the  heterogeneous  nucleation  and  propagation  of  PANI 
onto  GO  during  the  immersion  period  of  FTO.  The  inset  in  Fig.  6b 
shows  a  low-magnification  TEM  image  of  the  PANI-RGO-15  m 
nanocomposite,  revealing  a  flat  and  uniform  film  on  the  Cu  grids. 
This  result  indicates  that  the  attachment  of  PANI  effectively  inhibits 
the  crumpling  of  RGO  because  RGO  generally  restacked  and  forms 
agglomerates  because  of  the  strong  Van  der  Waal  interaction  be¬ 
tween  RGO  nanosheets  [51,52]. 

3.5.  Electrocatalytic  activity  for  If/I~ 

CV  was  used  to  investigate  the  electrocatalytic  activity  of  various 
counter  electrodes  prepared  in  this  study  towards  the  I3  /P  couple 
in  the  3-MPN-based  electrolyte.  Fig.  7  shows  the  typical  CV  curves 
of  PANI,  PANI-GO-15  m,  PANI-RGO-15  m,  and  Pt  CEs  at  a  scan  rate  of 
5  mV  s-1.  All  of  the  curves  show  a  pair  of  redox  peaks  with  a  redox 
potential  equal  to  approximately  -0.16  V  (from  anodic  and  cathodic 
peak  potentials),  which  is  attributable  to  the  redox  transition  of  I3  / 
P  [53].  Based  on  a  comparison  of  all  CV  curves,  several  features 
must  be  emphasised.  First,  the  Pt  CE  possessed  the  smallest  peak 
separation  among  all  of  the  CEs,  which  may  be  due  to  its  high 
intrinsic  electrocatalytic  activity  and  superior  electronic  conduc¬ 
tivity  [3,21—24].  Flowever,  a  higher  peak  current  density  of  PANI 
indicated  a  higher  apparent  activity  in  comparison  with  Pt,  which 
could  be  attributed  to  its  high  electrolyte-accessible  surface  area 
because  of  the  porous  microstructure  [3,21-24].  Second,  the  PANI- 
based  CEs  were  ranked  in  the  following  order  according  to  the  in¬ 
crease  in  peak  separation:  PANI-RGO-15  m  (347  mV)  <  PANI 
(422  mV)  <  PANI-GO-15  m  (800  mV).  The  smaller  peak  separation 
implies  less  polarization,  which  can  be  reasonably  associated  with  a 
higher  exchange  current  density  and  greater  reversibility  (i.e., 
faster  electron-transfer  kinetics)  [16,54,55].  Because  no  obvious 
variation  in  the  surface  morphology  of  PANI-GO  and  PANI-RGO  was 
observed  in  the  SEM  and  AFM  images,  the  enhanced  electron- 
transfer  rate  of  PANI-RGO  can  be  attributed  to  the  improved  elec¬ 
tronic  conductivity  of  RGO  reduced  from  GO  by  hydroiodic  acid. 
Third,  the  PANI-based  CEs  were  ranked  in  the  following  order 


according  to  the  decrease  in  peak  current  density:  PANI-RGO-15  m 
(3.34  mA  cm-2)  >  PANI  (2.63  mA  cm”2)  >  PANI-GO-15  m 
(2.37  mA  cm-2).  This  result  can  be  attributed  to  (1)  the  higher 
electronic  conductivity  of  the  PANI-RGO  CE  and  (2)  the  removal  of 
negatively  charged  oxygen-containing  functional  groups  from  GO. 
The  second  effect  indicates  that  the  PANI-RGO  film  was  more 
positively  charged  than  PANI-GO,  which  emphasises  the  crucial 
influence  of  the  electrostatic  interactions  between  the  CEs  and  I3  /P 
redox  couple  on  the  redox  transition  rate.  Consequently,  because  of 
the  synergistic  effect  of  its  higher  electronic  conductivity,  higher 
electrolyte-access  surface  area,  and  similar  positive  charges,  PANI- 
RGO  possesses  a  higher  apparent  activity  and  a  faster  electron- 
transfer  rate  than  PANI  does. 

3.6.  Photovoltaic  performances  ofDSSCs  assembled  using  various 
CEs 

Fig.  8a  shows  the  J—V  characteristics  of  the  DSSCs  assembled 
using  PANI  CEs  and  various  PANI-RGO  CEs  under  1 -sun  illumination 
(AM  1.5, 100  mW  cm-2).  The  DSSC  assembled  with  PANI-RGO-15  m 
exhibits  a  higher  short-circuit  current  density  C/sc)  than  those 
assembled  with  PANI,  PANI-RGO-1  h,  and  PANI-RGO-24  h.  The 
higher  JSc  was  consistent  with  the  coarser  structure  and  rougher 
surface  of  PANI-RGO-15  m  than  that  of  PANI,  PANI-RGO-1  h,  and 
PANI-RGO-24  h,  examined  using  AFM  and  SEM  (see  also  Table  3) 
[24,56].  The  FF  is  inversely  proportional  to  the  Jsc  because  a  higher 
current  passed  through  the  device  and  a  greater  voltage  drop  was 
obtained  according  to  the  ohmic  law  17].  Moreover,  the  diffusion 
resistance  associated  with  the  porosity  may  reduce  the  FF  value, 
whereas  the  PANI-RGO-15  m  with  the  roughest  surface  and  the 
coarsest  structure  exhibits  the  most  superior  power  conversion 
efficiencies  (17'),  likely  due  to  the  significant  enhancement  of  the  Jsc- 

Fig.  8b  shows  typical  J—V  characteristics  of  the  DSSCs  assembled 
using  the  Pt,  PANI,  PANI-GO-15  m,  and  PANI-RGO-15  m  CEs.  It 
shows  that  DSSCs  assembled  with  various  PANI-based  CEs  possess 
different  Jsc  even  though  the  amount  of  dye  coating  is  the  same, 
which  reveals  the  cathodic  reaction  is  a  limit  step  in  photovoltaic 
process  [22,31,36,57]  and  some  un-absorbed  light  go  through  the 
CE  directly  57].  The  PANI-based  CEs  were  ranked  in  the  following 
order  according  to  the  decrease  in  the  Jsc'  PANI-RGO- 
15  m  >  PANI  >  PANI-GO-15  m  (see  Table  3),  which  was  consistent 
with  the  apparent  activity  according  to  the  cathodic  peak  current 
density  measured  from  the  CVs.  Because  of  the  large  electrolyte- 
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Fig.  5.  AFM  images  of  (a)  PANI  and  (b)  PANI-RGO-15  m;  insets  show  the  corresponding  3-D  images. 
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Fig.  6.  TEM  images  of  (a)  GO  and  (b)  PANI-RGO-15  m;  inset  in  (b)  shows  the  corresponding  TEM  image  under  a  low  magnification. 


accessible  surface  area,  satisfactory  electron  conductivity,  and 
positively  charged  state,  high  JSc  values  were  obtained  for  both 
PANI  and  PANI-RGO.  Accordingly,  in  comparison  with  PANI  and 
PANI-RGO,  a  PANI-GO  film  with  a  large  electrolyte-accessible  sur¬ 
face  area  but  substantially  low  conductivity  and  weak  positive 
charge  density  slightly  reduces  the  Jsc •  Moreover,  the  FF  obviously 
increases  from  0.58  to  0.64  after  incorporating  RGO  into  PANI, 
attributable  to  the  better  electron  conductivity  of  PANI-RGO  than 
that  of  PANI.  Consequently,  the  DSSC  with  a  PANI-RGO-15  m  CE 
provides  a  Jsc  of  15.8  mA  cm-2,  an  open  circuit  voltage  (Voc)  of 
775  mV,  and  an  FF  of  0.64.  The  rj  of  this  device  is  7.84%,  which  is 
higher  than  the  value  obtained  when  the  counter  electrode  is  a 
PANI  CE  (6.7%). 

Fig.  8c  shows  Nyquist  plots  of  the  symmetrical  cells  consisting  of 
Pt,  PANI,  PANI-GO-15  m,  and  PANI-RGO-15  m  electrodes,  and  the 
inset  shows  the  equivalent  circuit  used  to  fit  the  EIS  spectra.  The 
ohmic  series  resistance  (Rs)  in  the  equivalent  circuit  was  deter¬ 
mined  directly  from  the  onset  of  the  first  semicircle  (at  the  high- 
frequency  end),  which  is  shown  in  Table  3.  The  order  of  PANI- 
based  CEs  with  respect  to  increasing  Rs  is:  PANI-RGO 
(0.71  Q  cm2)  <  PANI  (0.78  Q  cm2)  <  PANI-GO  (1.69  Q  cm2),  which 
is  in  a  strong  agreement  with  the  results  obtained  from  the  CV 
analysis.  This  result  further  supports  the  proposal  that  the  electron- 
conductive  paths  have  been  successfully  constructed  within  the 
PANI-RGO  composite  film.  The  semicircles  in  the  high-frequency 
and  low-frequency  regions  are  attributed  to  the  charge-transfer 
resistance  (Rcr)  and  the  diffusion  impedance  of  the  F f/r  couple 
in  the  electrolyte,  respectively  [17  .  The  charge  transfer  resistance 
of  the  1 3/r  couple  at  the  electrode/electrolyte  interface  were  ob¬ 
tained  by  fitting  the  impedance  data  with  the  equivalent  circuit 
shown  in  the  inset  (see  Table  3),  which  can  be  expressed  as  the 
following  equation  according  to  the  Bulter-Volmer  equation 
[17,55]: 


where  Rct  is  inversely  proportional  to  the  exchange  current  density 
(Jo).  According  to  the  CV  results,  the  order  of  CEs  with  respect  to 
decreasing  Jo  is:  Pt  (18.616  mA  cm-2)  >  PANI-RGO 

(18.081  mA  cm-2)  >  PANI  (16.408  mA  cm-2)  >  PANI-GO 
(7.585  mA  cm-2),  which  is  consistent  with  the  prediction  from  the 
Bulter-Volmer  equation.  The  Rct  values  of  all  of  the  PANI-based  CEs 
are  higher  than  that  of  the  Pt  CE  because  of  the  lower  intrinsic 
electrocatalytic  activity/conductivity  of  PANI  [3].  Fortunately,  Jsc  of 


the  DSSCs  assembled  with  the  PANI-RGO  CEs  is  still  comparable 
with  that  assembled  with  Pt,  which  may  be  attributed  to  their 
higher  electrolyte-accessible  surface  area  [3].  The  DSSC  assembled 
with  the  PANI-GO-15  m  CE  exhibits  the  highest  Rct  among  all  DSSCs 
with  the  PANI-based  CEs  because  of  its  worse  electron  conductivity 
and  a  less  positively  charged  state,  resulting  in  the  lowest  FF.  Again, 
because  of  the  synergistic  effect  of  high  electronic  conductivity, 
high  electrolyte-access  surface  area,  and  similar  positive  charge 
state,  the  DSSC  assembled  with  the  PANI-RGO-15  m  CE  possesses  a 
lower  Rct  value  than  that  assembled  with  the  PANI  CE.  This  effect 
reduces  the  polarization  of  IT  reduction  to  I-  and  maintains  a  high 
FF  value  for  photovoltaic  conversion  [17,55].  Therefore,  although  a 
higher  current  density  has  been  passed  through  the  device,  the 
DSSC  assembled  with  the  PANI-RGO  CE  possessed  a  higher  FF  value 
than  that  assembled  with  a  PANI  CE. 

The  performance  of  the  DSSCs  with  PANI  and  PANI-RGO  CEs 
under  rear  illumination  was  evaluated  to  produce  a  bifacial  DSSC. 
The  transparency  and  UV-Vis  spectra  are  shown  in  Fig.  9  mean¬ 
while  the  J—V  characteristics  and  monochromatic  incident 
photon-to-electron  conversion  efficiency  (IPCE)  of  DSSCs  in  both 
front  and  rear  illumination  modes  at  the  same  test  environment 
are  shown  in  Fig.  10.  From  Fig.  9a,  clear  variations  in  the  trans¬ 
parency  among  the  PANI,  PANI-GO-15  m,  and  PANI-RGO-15  m  CEs 


Fig.  7.  Cyclic  voltammograms  of  Pt,  PANI,  PANI-GO-15  m  and  PANI-RGO-15  m  at 
5  mV  s-1  in  3-MPN  containing  50  mM  Lil,  10  mM  12,  500  mM  LiC104. 
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Fig.  8.  (a)  The  photocurrent-voltage  curves  of  DSSCs  employed  PANI-RGO-15  m,  PANI-RGO-1  h,  and  PANI-RGO-24  h  CEs.  (b)  The  photocurrent-voltage  curves  of  DSSCs  employed 
Pt,  PANI,  PANI-GO-15  m,  and  PANI-RGO-15  m  CEs.  (c)  The  Nyquist  plots  of  symmetric  cells  consisting  of  Pt,  PANI,  PANI-GO-15  m  and  PANI-RGO-15  m. 


are  observed.  This  phenomenon  is  attributable  to  the  distributions 
of  amine  (-NH-)  and  imine  (— N=  and  -N+— )  since  PANI  of  a  high 
amine/imine  ratio  tends  to  achieve  a  transparent  pernigraniline 
(PB)  state  and  PANI  of  a  low  amine/imine  ratio  is  close  to  a  blue 
leucoemeraldine  (LB)  state  [58,59]  meanwhile  the  thicknesses  of 
PANI,  PANI-GO,  and  PANI-RGO  are  approximately  same.  Interest¬ 
ingly,  as  shown  in  Fig.  9b,  the  addition  of  GO  significantly  pro¬ 
motes  the  transmittance  of  PANI  from  a  comparison  of  the  spectra 
corresponding  to  PANI  and  PANI-GO.  Moreover,  reducing  GO  with 
hydroiodic  acid  effectively  enhances  the  transmittance  of  PANI- 
RGO  in  the  entire  wavelength  region  of  investigation  in  this 
study.  All  the  above  results  are  possibly  due  to  a  higher  amine/ 
imine  ratio  of  PANI-RGO  than  that  of  PANI-GO  and  PANI  [58,59]. 
Fig.  10a  presents  a  comparison  of  the  J—V  characteristics  of  the 
DSSCs  with  the  Pt,  PANI,  and  PANI-RGO-15  m  CEs  under  front-  and 
rear-illumination  modes.  The  Jsc  values  obtained  under  the  front- 
illumination  mode  were  consistently  higher  than  those  obtained 
under  the  rear-illumination  mode  because  the  photons  from  300 
to  500  nm  were  significantly  absorbed  by  the  catalytic  layer  on  the 
CE  and  the  electrolyte  under  the  rear-illumination  mode.  Such  an 
effect  reduces  the  light  intensity  for  dye  absorption  in  comparing 
with  the  front-illumination  case.  Because  the  main  absorption 
region  of  N719  dye  is  between  450  and  650  nm,  the  higher 
transparency  and  weaker  absorption  from  500  to  650  nm  for  PANI- 
RGO  allow  the  dye  to  harvest  more  photons  from  the  rear  side  [3]. 
Therefore,  the  DSSC  assembled  with  the  PANI-RGO  CE  exhibits 
higher  retention  of  Jsc  (75.5%)  than  does  that  assembled  with  a 
PANI  CE  (56.9%),  causing  an  increase  in  the  conversion  efficiency 
retention  from  69.1%  to  77.6%.  The  efficiency  retention  of  this 
device  is  also  higher  than  that  of  the  DSSC  assembled  with  a 
transparent  Pt  CE  (74.5%).  The  above  results  are  also  supported  by 


Table  3 

EIS  of  symmetric  cells  and  photovoltaic  characteristics  of  DSSCs  with  Pt,  PANI,  PANI- 
GO-15  m  and  PANI-RG015  m  CE. 


Jsc 

(mA  cm-2) 

Voc  (V) 

FF 

Efficiency  (%) 

Rcr  (O  cm2) 

Pt  (Ti02  without 

15.9 

0.780 

0.66 

8.19 

0.69 

scatter  layer) 

PANI 

15.13 

0.764 

0.58 

6.70 

0.78 

PANI-GO-15  m 

15.08 

0.775 

0.45 

5.26 

1.69 

PANI-RGO-15  m 

15.8 

0.775 

0.64 

7.84 

0.71 

Rear  illumination,  Pt 

11.32 

0.764 

0.72 

6.1 

- 

Rear  illumination, 

8.61 

0.746 

0.72 

4.63 

- 

PANI 

Rear  illumination, 

11.93 

0.750 

0.68 

6.08 

- 

PANI-RGO-15  m 

the  IPCE  results  (see  Fig.  10b).  Clearly,  a  large  part  rear-light 
located  at  300-500  nm  has  been  absorbed  by  the  catalytic  layer 
and  electrolyte.  Elowever,  because  the  PANI-RGO-15  m  CE  pos¬ 
sesses  higher  transmittance  from  400  to  700  nm,  its  IPCE  and  Jsc 
are  higher  than  that  of  PANI  and  Pt  under  the  rear-illumination.  On 
the  other  hand,  the  rj'  of  DSSC  with  PANI-RGO  CE  keeps  7.1— 7.3%  in 
a  1-h  visible-light  soaking  (AM  1.5G,  100  mW  cm-2  at  50-55  °C) 
when  the  3-MPN-based  electrolyte  was  employed.  In  contrast,  the 
7]'  of  DSSC  with  PANI  CE  decays  quickly  from  6.1%  to  5.6%  in  a  1-h 
visible-light  soaking,  revealing  the  enhancement  for  PANI  stability 
after  introducing  RGO,  possible  attributed  to  better  thermal  sta¬ 
bility  of  PANI-RGO. 

The  layer-by-layer  electrostatic  adsorption  method  mentioned 
in  the  Introduction  section  actually  requires  numerous  repeated 
bilayer-adsorption  cycles  [33,34].  This  complex  strategy  showed 
acceptable  transmittance  only  when  the  film  thickness  is  in  the 
100-nm  range  because  every  thin  bilayer  prepared  in  every 
adsorption  cycle  contains  a  high  content  of  carbon  nanomaterials. 
In  comparison  with  such  a  layer-by-layer  electrostatic  adsorption 
mechanism,  our  newly  developed  method  can  be  used  to  circum¬ 
vent  time-consuming  and  complex  adsorption  steps  but  maintain 
high  transmittance  under  the  micrometre-scale  thickness.  This 
reveals  the  promising  application  potential  of  the  PANI-RGO  CE  in 
the  bifacial  DSSCs  since  the  micrometre-scale  PANI-based  layers 
possess  more  catalytic  sites  for  the  I3  reduction. 

4.  Conclusions 

This  study  demonstrates  a  novel  two-step  approach  to  fabri¬ 
cate  a  porous,  transparent  PANI-RGO  counter  electrode  with  self- 
controllable  thickness,  which  is  suitable  for  large-area  produc¬ 
tion.  The  formation  of  positively  charged  ANI-O/GO  through  the 
pre-polymerisation  step  enables  the  deposition  of  PANI-GO  to  be 
an  ultrathin  film  on  FTO  according  to  the  electrostatic  adsorption/ 
deposition  mechanism.  This  step  also  introduces  a  low  GO  con¬ 
tent  into  the  PANI-RGO  film  compared  with  the  layer-by-layer 
electrostatic  adsorption  mechanism  reported  in  previous  studies 
[32,33].  The  sequential  propagation  of  PANI  and  hydroiodic  acid 
reduction  steps  fabricate  a  uniform,  transparent  PANI-RGO  film. 
Introducing  RGO  produces  a  composite  film  with  a  rougher 
worm-like  surface  and  a  coarser  microstructure  compared  with 
that  of  a  PANI  film.  The  synergistic  effect  of  enhanced  electronic 
conductivity,  higher  electrolyte-access  surface  area,  and  a  similar 
positive  charge  property,  the  DSSC  with  the  PANI-RGO-15  m  CE 
possesses  a  smaller  Rct,  higher  Jsc,  and  higher  PCE  than  that  with 
a  PANI  CE.  Furthermore,  the  incorporation  of  RGO  raises  the 
amine/imine  ratio  as  well  as  the  transmittance  of  PANI, 
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Fig.  9.  (a)  The  photograph  and  (b)  UV-Vis  spectra  of  PANI,  PANI-GO  and  PANI-RGO  electrodes. 


Fig.  10.  (a)  The  photocurrent-voltage  curves  of  the  DSSCs  with  PANI  and  PANI-RGO  electrodes  under  the  front  and  rear  illumination  modes.(b)  The  IPCE  of  DSSCs  with  PANI  and 
PANI-RGO  electrodes  under  the  front  and  rear  illumination  modes. 


facilitating  the  photo  harvest  from  the  rear  side.  Consequently, 
the  device  assembled  with  the  transparent  PANI-RGO  CE  exhibits 
excellent  PCE  retention  (approximately  77.6%)  between  the  rear- 
and  front-illumination  modes.  Based  on  the  charge  trans¬ 
formation  of  GO  and  electrostatic  deposition  mechanism,  the 
thin,  porous,  and  transparent  PANI  and  PANI-RGO  films  can  be 
formed  on  any  negatively  charged  substrate.  The  thickness  and 
porosity  of  PANI  and  PANI-RGO  films  can  be  tuned  by  varying  the 
pH  of  the  precursor  solution  and  deposition  time,  respectively. 
Therefore,  the  universal  approach  developed  in  this  study  is  well 
suited  for  fabricating  PANI-RGO-based/PANI-based  conductive 
thin  films. 
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